This review briefly summarizes the overpressured layer chromatography (OPLC) technique and its progress from the beginning until today. Some theoretical aspects, important technical and methodological solutions, as well as analytical separations and isolations are demonstrated covering the last 30 years. The infusion and transfusion OPLC operations, as well as their combination, and their off-line and on-line processes, and off-line and on-line hyphenations for detection and structure elucidation are presented. The combination of OPLC separation with biological detection by direct bioautography and BioArena as an important solution touches the potential of analysis and isolation based on biological activity.
INTRODUCTION
OPLC as a forced-flow, planar layer, liquid chromatographic technique is based on the ultramicro (UM) chamber [1] . It was developed and introduced in the late seventies by Hungarian scientists. In the first experimental pressurized UM chamber, an external pressure was applied to the surface of the adsorbent layer by means of a cushion system, and the mobile phase was forced into/through the adsorbent layer by overpressure using a pump. OPLC is a collective term for techniques using a pressurized UM chamber, a liquid-delivery system for introduction of mobile phase into a chamber containing either an analytical or preparative adsorbent layer under an external pressure. In this system the vapor phase above the adsorbent layer is eliminated and, therefore, OPLC corresponds to high-performance liquid chromatography (HPLC) on a very thin column with a wide cross-section [2] [3] [4] .
It follows from the principle of OPLC that low (2 to 5 bar), medium (10 to 30 bar), and high (50 to 100 bar or more) external pressures can be used in this forced-flow, planar layer, liquid chromatographic technique, which have been realized in commercial and experimental OPLC instruments [5, 6] .
It is necessary to mention that other alternative terms have been used for OPLC, such as overpressured thin-layer chromatography (OPTLC), overpressurized thin-layer chromatography, optimum performance laminar chromatography, overpressure planar chromatography, high pressure planar chromatography (HPPLC) and forcedflow TLC (FF-TLC).
In this review, the progress of OPLC technical and methodological solutions is demonstrated touching upon some theoretical aspects, analytical and preparative applications as well as biological detection/interaction and bioassay-guided isolations.
OPLC PROCESSES

Transfusion, infusion and infusion-transfusion operations:
Conventional OPLC, with the inlet and outlet both open, corresponds to the original technique and is suitable for transfusion operations enabling outflow of both air and mobile phase. In infusion operations there is either no outlet or the outlet valve is closed during development and the layer should be sealed on all four sides. This operation enables off-line OPLC development only, starting with a dry adsorbent layer and with the possibilities of overrun and on-line (vide infra) separation and detection excluded. To solve these unwanted problems an infusion-transfusion operation has been developed where the outlet tube of the chamber was equipped with a clip with either an open or closed position [7, 8] . In Figure  1 , the variations of chromatographic plates can be seen applicable for different transfusion and infusion OPLC separations [6] . Three geometric arrangements can be used in OPLC, such as linear, circular and triangular. In the linear developing mode, one-directional, two-directional, and two-dimensional development are possible; moreover, multiple linear developments can also be performed [9, 10] .
For circular OPLC separation, it is not necessary to seal the edges of the chromatoplate and the eluent inlet is placed in the middle of the adsorbent layer. It is obvious that for one-directional development the adsorbent layer on a chromatoplate should be sealed on three sides. This prevents the eluent flowing from the adsorbent layer in an unwanted direction. Linear migration of the eluent front in the OPLC chamber using the linear developing mode can be achieved by placing a narrow channel before the eluent inlet. The function of the eluent trough is to direct the eluent and to form a linear eluent front. In practice, either a polyethylene or PTFE insert with an eluent trough is placed between the adsorbent layer and the water cushion to protect the cushion and to direct the eluent along the linear front. If two opposite sides of the chromatoplate are sealed and the eluent inlet is in a trough in the middle of the adsorbent layer, the system is suitable for a twodirectional separation with a large number of samples [3, 9] . In the latest instruments, ready-to-use OPLC layers pre-sealed on four sides and with PTFE inserts and troughs are used [11] .
Overpressured multi-layer chromatography (OPMLC) using two or more chromatoplates is very attractive because a large number of samples (50-100 or more) can be separated parallel during one development. To enable the mobile phase to flow to the next layer, a slit-like perforation has been used [12] . Serial coupled OPMLC, called "long distance" OPLC, can be used for the elevation of the theoretical plate number and resolution, alike [13, 14] . The potential of serial connected layers can be increased by use of different stationary phases for a single development [15] .
Connection possibilities of operation steps:
The entire chromatographic process in OPLC consists of the following principal operation steps: sample application, separation, detection and isolation, and these steps can be connected in either off-line or on-line modes ( Figure 2 ) [16] . In the fully off-line mode, all the principal steps are performed off-line, which can be accomplished by infusion, transfusion and infusion-transfusion operations. This process corresponds with conventional TLC and several samples can be processed in parallel. Moreover, the separation can be fulfilled with or without overrun [2, 3] . Off-line detection and evaluation can be accomplished insitu on the plate visually and/or by different kinds of densitometry (for example, UV, VIS, fluorescent, radioactivity) for quantitative results. However, it can be accomplished after chemical or biological visualization, as seen in Figure 2 . In preparative isolation, after development of a single streaked sample, the procedures of drying, scraping off the important bands from the adsorbent layer, elution, and crystallization are similar to conventional preparative TLC methods.
ISOLATION
If the eluent outlet of the chamber is connected to a flowcell detector, eluting solutes can be detected on-line and fractions can also be collected. This process is the partial off-line/on-line OPLC and the sample is spotted and/or streaked onto the dry adsorbent bed [16, 17] .
The entire chromatographic process can be performed in the fully on-line mode by connecting a loop injector to the eluent inlet and a flow-cell detector (for example, UV, DAD, fluorescent, radioactivity, MS) to the eluent outlet, in much the same way as in HPLC. In this case the sample is injected onto the wet layer and the components eluted are detected on-line [11, [18] [19] [20] .
The process of on-line sample application and separation with off-line detection (partial on-line/off-line OPLC) is also possible and can be carried out by transfusion,
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Flowing eluent wall (FEW) processes:
A new concept, the flowing eluent wall (FEW) process, for segmentation of a non-segmented adsorbent bed, has been developed for single-channel and multi-channel on-line OPLC [21] . The FEW process is used for operating segmentation of a nonsegmented adsorbent bed, partitioning it into active and non-active regions. Mobile phase only is introduced to the non-active part of the adsorbent layer, whereas mobile phase and sample can be admitted to the active part by means of an injector, and thus the non-homogeneous part of the adsorbent bed can be excluded from the separation process. The FEW arrangements at the inlet side eliminate the edge effect of OPLC in single-sample injections and the effect of sample-mixing between neighboring lanes in multi-channel separations. The use of the fully on-line OPLC process in parallel (for example, 4, 8 channels) with FEW configurations will be suitable for applications requiring higher throughput for both analysis and isolation (for example, combinatorial chemistry, medicinal plant research) [22, 23] . 
CHARACTERISTICS OF OPLC SEPARATION
Movement of mobile phase and fronts:
In contrast with conventional TLC/HPTLC, where the eluent is migrated by capillary action, in OPLC the mobile phase is forced into the adsorbent bed by means of a pump system using a chosen flow rate. The speed of the alpha front (u) depends on the flow rate (F) and the free cross-sectional area of the adsorbent layer (a, width, b, thickness, , total porosity) in the direction of the development and can be calculated by the following equation [24] :
At a constant flow rate only linear development is able to result in constant linear velocity. Contrary to linear The basic flow rule of conventional linear transfusion OPLC is L f = ut, where t is the time of development [25] . Figure 4 shows the variation of front distance and eluent inlet pressure during transfusion (a) and infusiontransfusion (b) OPLC developments using a personal OPLC 50 system. To obtain a straight front in linear OPLC starting with a dry layer initially a rapid eluent flush is given, exceeding the flow of capillary action, which is followed by lower flow rates of separation. In the early commercial generations (Chrompres 10 and Chrompres 25) a pressurized buffer space was used, but the automated personal OPLC system manages the whole separation process [11] .
Starting the separation with a dry adsorbent layer, two zones can be found, even if single solvent and forced-flow layer chromatographic techniques are used. Under the alpha front is a partially wetted zone filled partially with air and eluent and the next zone toward the eluent inlet point is totally wetted. The border between the zones is the front of total wetness (F tw ), which is a sharp zigzag line and sometimes disturbs the separation in this narrow range. The F tw migrates proportionally to the alpha front at a constant flow rate and its bandwidth increases with migration distance. This effect is greater on a TLC plate than on an HPTLC plate. Contrary to the transfusion process, in the infusion OPLC (first period of the infusiontransfusion operation in Figure 4b ) the velocity of the alpha front decreases continuously. The air originally contained in the adsorbent is continuously compressed generating back pressure on the outlet side of the layer, which helps in the pore filling of particles, reducing the waviness of the front of total wetness. The infusion-
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transfusion operation enables flushing out of the compressed air at the first infusion period yielding a quick stabilization of the eluent/adsorbent ratio and better conditions for the on-line separation-detection process [8, 18, 26] .
The disturbing effect of the front of total wetness has been dramatically reduced by use of off-line infusion OPLC [8] and the effect has been totally eliminated by prewetting with a weak non-eluting mobile phase before separation by use of a step-wise gradient [29] .
When the eluent consists of solvents of different strength, a chromatographic solvent demixing can be found in fully off-line OPLC (total elimination of vapor space) yielding secondary fronts, which are independent of F tw . This is a well-known fact in classical TLC [27] ; however, this effect is stronger in OPLC systems. These fronts divide the adsorbent layer into zones of different eluting strength, within which the solvent strength and polarity are practically the same, while at the fronts themselves there is a sudden increase in eluent strength that gives rise to "polarity steps". In HPLC, as well as in fully on-line OPLC, these secondary fronts are eluted during the equilibration process, when the apparatus is not used for separation [18, 20] . If the secondary front collects components to be analyzed from the preceding alpha zone, either a shorter development or higher sample origin is needed. Another solution is to use double development with the same eluent; moreover, the second run can be performed by the apolar constituent of the eluent mixture [28] .
Efficiency characteristics
Theoretical plate height: An equation for the calculation of the theoretical plate height (HETP, H) in conventional layer chromatography has been introduced by Guiochon and Siouffi [30] and was applied for off-line OPLC as well [3] . Accordingly, the HETP can be calculated as follows:
where  is the spot variance, L f is the front distance, s 0 is the distance between the spotting location and the eluent inlet trough, and R f is the retention factor of the actual component.
If the band width of either the spot or band deposited on the adsorbent layer is very narrow in transfusion and infusion off-line OPLC, the HETP is practically constant along the chromatoplate and is independent of the front distance and, in contrast with TLC, this is the essential feature of OPLC [3, 11] .
The thickness of the adsorbent layer influences the HETP slightly [31] . HETP depends on the characteristics of the chromatoplate used and decreases in the following order: preparative layer, TLC, HPTLC and RAMAN plate [11, 18, 20] . Similarly to HPLC, HETP may vary with the linear velocity in off-line OPLC [11, 31] .
The HETP depends in OPLC on the combination of the off-line and on-line transfusion operating steps applied. The curves of HETP versus linear velocity are very similar, but the HETP values of the fully off-line OPLC produces the lowest and the fully on-line OPLC the highest values. Between them are the two curves of partial offline/on-line OPLC. The differences originate from "extracolumn" band broadening, which does not occur in the fully off-line system [16, 20] .
The elevation of external pressure decreases the HETP value under fully off-line OPLC; however, it does not occur during on-line development [32] . Figure 5 shows the effect of linear velocity on HETP at different external pressures using transfusion off-line operation and a fine particle silica gel layer. The high external pressure significantly increases the efficiency, and the optimum range of linear velocity becomes broader [11, 23] .
Theoretical plate number:
The theoretical plate number (N) in OPLC can also be calculated with the following equation:
where L f is the distance between start and front and H is the average theoretical plate height.
As the HETP is practically constant along the plate in OPLC, the theoretical plate number increases linearly with development distance, contrary to conventional TLC. The theoretical plate number can be increased by "long distance" OPLC using layer connection in series and a 70· 10 3 theoretical plate number has been achieved using butter yellow and a 70 cm long development [14] .
Spot or peak capacity:
The spot capacity of conventional TLC/HPTLC is limited, and about 20 spots can be resolved Overpressured layer chromatography (OPLC) Natural Product Communications Vol. 6 (5) 2011 723 with a resolution of unity [33] . In fully off-line OPLC the maximum value of spot capacity (n M ) is:
where L is the distance of development and H is the average HETP value of compounds under given conditions. Peak capacity (n) of a column in HPLC and the on-line separation/detection OPLC with off-line or on-line sample application is given by
where N is the theoretical plate number of the adsorbent bed at given conditions and k is the capacity factor of the most retained compound eluted [33] .
As the adsorbent bed can be open in OPLC after an on-line separation/detection, compounds separated but remaining on the layer can also be detected "in-situ" by densitometry. In this combined on-line and off-line OPLC system, higher spot and/or peak capacity can be observed at a given bed length than by single on-line or single offline OPLC separation [34] .
Resolution:
The resolution (Rs) of a neighboring pair of spots or bands can be described by the next equation:
where K1, K2 are distribution coefficients of two substances, R f is the average retention factor of pairs and N is the theoretical plate number.
This equation, which is of central importance in the description of separation by liquid chromatographic processes on thin layers [35] , shows that the resolution is determined by three factors, namely a selectivity factor, a layer quality factor, and the average R f value of the pair of compounds being separated.
The plot of resolution vs. retention factor shows the differences between TLC/HPTLC and OPLC. In TLC, the optimum range of resolution is R f 0.3-0.4 in contrast with OPLC where the Rs maximum is R f 0.5-0.6 [36] .
Three factors were studied regarding the resolution using fully off-line OPLC [31] . Use of the optimal linear flow velocity in relation to HETP produces the highest resolution. The relationship between resolution and distance of development is approximately linear, and the resolution increases with increasing front distance. The layer thickness shows an optimum value of 80-160 m in terms of resolution.
OPLC INSTRUMENTS
Experimental and early commercial instruments:
The essential feature of the basic OPLC chamber system is that the adsorbent layer is completely covered with a flexible membrane under an external pressure so that the vapor phase above the adsorbent layer is totally eliminated. The principle of the basic OPLC has been illustrated by the experimental pressurized UM chambers in which the flow velocity of the eluent can be optimized by means of a pump system [2] [3] [4] .
Based on experience gained with experimental pressurized chambers, the first commercial pressurized UM chambers were CHROMPRES 10 and CHROMPRES 25 developed in the 1980s by LABOR Instrument Works (Budapest, Hungary), permitting 1.0 MPa and 2.5 MPa external pressures, respectively. These systems are suitable for offline and on-line separations alike using aluminum, plastic or glass chromatoplates coated with normal (10-15 m), fine (5-6 m) and superfine (3-4 m) adsorbents.
Kaiser and Rieder developed a high-pressure planar liquid chromatography (HPPLC), which is theoretically and practically a circular version of OPLC [37] . An instrument has been developed for OPLC by Witkiewicz et al. [38] . Gas is used to generate external pressure and the eluent is fed to the chromatoplate, from below, by a syringe pump.
OPLC instruments with cassette systems:
Based on experience gained with conventional CHROMPRES chambers, the OPLC-NIT Ltd. (Budapest, Hungary) developed the automated personal OPLC 50 basic system, which includes the separation chamber and the liquid delivery system [11, 39] . The separation chamber has four main units: holding unit, hydraulic unit, tray-like layer cassette, and an attached drain valve. The separation chamber, having two eluent connections, should bear the burden caused by the max. 5 MPa external pressure. The microprocessor controlled liquid delivery system includes a hydraulic liquid delivery pump and an eluent delivery pump built 2 in 1. All parameters (external pressure, eluent volume of rapid period and of development, eluent flow-rate) for single or repeated development can be given for development and can be stored in the software of the delivery system. The automatic developments (single isocratic or stepwise gradient with max. 3 steps) are absolutely repeatable. With the appropriate cassette, linear, one-and two-directional, two-dimensional, and circular separation can be carried out using an analytical or preparative adsorbent layer and infusion off-line or transfusion off-line and on-line modes.
The OPLC Separation Unit 50 is a stand alone chamber having a built-in hydraulic pump to form 5 MPa of external pressure and the unit has one inlet and one outlet. The cassette enveloping the adsorbent layer can be inserted into the slit of the chamber similar to the personal OPLC 50 system. For eluent delivery, an independent pump, for example an HPLC pump can be connected [21] .
The recently developed experimental OPLC Separation Unit 100 is a chamber with three inlets and three outlets.
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The built-in hydraulic pump can generate 10 MPa of external pressure to the surface of a 5 cm × 20 cm adsorbent layer. By means of the appropriate cassette, fully off-line and one or two-channel fully on-line separation can be performed. Because of the 10 MPa of external pressure the system enables more efficient fully off-line separation than systems of previous generations [23] .
ANALYTICAL APPLICATIONS
High throughput parallel analysis:
In contrast to HPLC, where consecutive separations are used, planar layer liquid chromatography serves the possibility of parallel sample separation and it is valid for OPLC as well. Contrary to HPTLC with conventional development (8-9 cm), fully off-line OPLC permits longer development distances (17-18 cm) without overrun and, due to the forced eluent flow, the theoretical plate number, and spot capacity, as well as the resolution can be significantly increased. Moreover, analysis time is shorter in the case of a viscous eluent as well. In linear, fully off-line mode, one-directional OPLC about 16 samples (bands) can be separated on a 20 x 20 cm adsorbent layer during a run, and 70/72 samples (spots) in two-directional. Therefore, OPLC is well-suited to fast and efficient separation and analysis.
The first generation of OPLC instrument, Chrompres 10, has been used for the parallel separation of the main coumarins from Peucedanum palustre [40] and the closely related furocoumarins [41] . Chrompres 25, the second generation of OPLC system, has been applied for the separation of glycosidically-bound volatile components of fruit [42] .
Bis-indol alkaloids extracted from Catharanthus roseus have been separated and determined on home-made amino-bonded HPTLC silica gel using a mobile phase optimized by the PRISMA model and factorial experimental design [43] . OPLC has been used for the separation of Camptotheca alkaloids on normal particle and fine particle silica gel layers [44] . Cannabinoids from Cannabis sativa L. have been separated by first, second and third generations of OPLC systems using silica gel layers [17, 45] .
Ginsenosides have been separated by means of the last generation of OPLC instrument using eluent optimized by the PRISMA model ( Figure 6 ). As can be seen, OPLC yields the best resolution compared with conventional TLC and HPTLC [46] .
Biogen amine-content has been determined in cauliflower and broccoli. Dansylated derivatives were separated on fine particle silica gel using a stepwise gradient [47] . This method has been applied to study the effect of coldhardening of wheat [48] and cadmium stress of wheat seedlings [49] on the polyamine content.
More recently, micellar liquid chromatography has been used to study the lipophilicity of eight newly synthesized N-phenyltrichloroacetamide derivatives, and very good linear relationships between log k m and log P were obtained by use of an OPLC technique and a RP 18 layer (R in the range 0.917-0.987) [50] . 
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The analysis of HCHO as its dimedone adduct (formaldemethone) and its potential natural generators (fully N-methylated compounds) was solved in plant tissues [51] and in human teeth of different physiological stage [52] . Moreover, it was used as well for some marine algae [Ulva lactuca, Codium fragile ssp. tomentosoides (Chlorophyta) and Palmaria palmata (Rhodophyta)] [53] .
The separation of eleven cyanobacterial hepatotoxins from natural bloom samples has been solved by automated OPLC. It is interesting that a chromatographic system previously developed for TLC was transferred to OPLC with only minor modifications [54] .
The automated OPLC system has been used for the separation of bound vitamin C, ascorbigen and its methylated form. Ascorbigen content was determined in Brassica vegetables and broccoli using the previously developed separation conditions and the structure of 1'methylascorbigen was confirmed by MALDI-MS [55] [56] [57] .
For the OPLC separation of aldoses and alditols an efficient solution has been elaborated [58] and with modification of eluent it was used for the monitoring of fermentation broth [59] .
An OPLC procedure has been developed for impurityprofile and purity of levonorgestrel/norgestrel bulk drug substances. Similarly to conventional TLC, multiple developments have been performed in OPLC by using the same eluent and increasing consecutive running distances. This OPLC-procedure was more selective than the actual pharmacopoeial TLC-methods. It was concluded that automated OPLC was a better tool than TLC and HPLC for the purity testing of levonorgestrel/norgestrel bulk drug substances [60] .
A quantitative purity test for phthaloyl-amplodipine has been developed using an automated OPLC system and the result compared with that obtained by conventional TLC. It can be concluded that the automated OPLC technique, besides a better selectivity, provides better precision than that achieved with a similar TLC method [61] . A semiquantitative OPLC purity test has been elaborated for allylestrenol, both in bulk and in tablet form [62] .
The semi-quantitative OPLC method is an economical and fast limit test and can be used for in-process validation, where its accuracy is sufficient, but the rapidity of the analysis is important. The OPLC method developed has been applied for in-process purity testing of Nandrolone and has been compared with other chromatographic methods (TLC, HPLC and GC) ( Figure 7 ) [63] .
The number of samples can be increased on one chromatoplate using two-directional development when the eluent is applied to the center of the plate. This technique was used for cleaning-validation in a steroidcontaining plant [64] . Two-directional separation has been used for rapid high throughput analysis of xanthines from tea leaf extracts and the separation was finished within 5 min (4 s per sample, 70 sample spots per run) [11] . Rapid, high throughput (5 s per sample), circular, multi-layer OPLC has been applied for screening poppy species with high alkaloid content [65] .
The spot capacity of fully off-line OPLC can be dramatically increased by means of two-dimensional separation. This has been used for the perfect separation of sixteen closely related coumarins from the genus Angelica [66] and also for the separation of 14 tetrazine derivatives prepared by parallel combinatorial synthesis [67] .
Applicability of viscous eluent:
Owing to the forced eluent flow, OPLC ensures a constant and high flow velocity and this is valid in the case of a viscous mobile phase and an adsorbent layer having poor wetting characteristics. As a consequence, the development time is significantly shorter in OPLC than in TLC/HPTLC. Polar quaternary alkaloids in plant extracts have been developed in 10 minutes (14 cm) on a silica gel sheet using ethyl acetate-tetrahydrofurane-acetic acid (60:20:20 , v/v) as eluent [68] . Classes of phospholipids have been separated in only 20 minutes with a 17 cm running distance using n-hexane-2-propanol-water (40:53:7, v/v) as eluent [69] .
The separation of dinitrophenylhydrazones of saturated aldehydes and ketones has been elaborated using normal and reversed phases and different eluents. It was found that developing by OPLC was about 10 times faster in normal phase systems and 5 times faster in reversed phase systems than in TLC [70] .
Synthetic peptides were separated on a silica gel adsorbent layer by an optimized eluent system in approximately 10 min using a n-butanol -pyridine -acetic acid -water solvent mixture (12:4:1:4, v/v). The separation of the investigated peptides by OPLC was better than that by an optimized HPLC and CZE system [71] .
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A double-layer system has been applied for the separation of the main protein amino acids on HPTLC silica plates coupled serially. The mobile phase was n-butanolacetonitrile -0.005M KH 2 PO 4 -acetic acid (10:5:30:10, v/v) and the bed length was 340 mm [72] .
Two OPLC systems have been developed for the fast screening of toxicologically relevant drugs in forensic and clinical contexts. Separation was performed as dual-plate analysis, with trichloroethylene-methylethylketone-nbutanol-acetic acid-water (17:8:25:6:4, v/v) (OPLC1), and butyl acetate-ethanol (96.1%)-tripropylamine-water (85:9.25:5:0.75, v/v) (OPLC2). Identification was based on automated comparison of corrected R f values and in situ UV spectra with library values by dedicated software [73, 74] .
Sample clean-up and separation:
Analysis is difficult in the case of biological samples when they contain impurities in high concentration together with the components to be measured. In most cases the sample has to be purified separately before chromatographic analysis using one or more steps; however, the clean-up can generally be fulfilled 'in-situ' on the chromatoplate in the OPLC system prior to separation, if the disturbing components either migrate with the eluent front or remain at the origin. 'In-situ' sample clean-up and separation have been applied for the separation of fumonisins from inoculated rice culture using a RP-18 adsorbent layer and a simple two-step gradient development in the automated OPLC system. The first step is the clean-up, which is followed by separation of the fumonisins using the second eluent [75] .
Another solution has been accomplished for the clean-up and separation of aflatoxins in wheat using two steps. Most of the impurities of parallel samples were pre-washed from the adsorbent layer by using predevelopment with a weaker eluent in the reverse direction (from the outlet-side of the instrument), then the aflatoxins were separated in the normal direction with a stronger eluent suitable for separation [76] . This process has been applied for the analysis of maize, fish meat, peanut samples, rice, and sunflower seeds [77, 78] ; however, a simple OPLC separation has been used in the case of highly purified red paprika samples [79] .
OPLC with radioactivity detection:
To find the metabolic pathways of a parent drug is a difficult and long process. Drugs labeled radioactively using 3 H-and/or 14 C-isotopes provide the possibility to track and quantitatively analyze the metabolites in complex biological matrices using separation techniques coupled to radioactivity detection methods. Off-line hyphenated OPLC-digital autoradiography (DAR) has been developed for the study of 3 H-and 14 C-labelled deramciclane and its major and minor metabolites in pooled dog plasma, where, after fully offline OPLC separation, they can be selectively detected and quantified 'in-situ' on the layer [80] . This combined system has been investigated to find glucuronide conjugates of 14 C-labelled compounds in human urine where the original sample constituents have been compared with the components generated by enzymatic hydrolysis [81] . Additionally, the separated components localized on the adsorbent layer by means of DAR have been transferred to FAB-MS for structure elucidation [82] .
The on-line OPLC separation and fraction collection of dog urine has been combined with off-line OPLC-DAR to measure very sensitively the minor metabolite components in fractions [83] . The off-line sample application has been combined with normal phase on-line OPLC separation and radioactivity detection (RD) using a flow-cell solid scintillation detector. The OPLC fractions collected by the RD signal have been applied to the reversed phase HPLC separation as a second dimension of separation yielding pure components [84] . 14 C-labeled glyceryl trinitrate (GTN) has been used as a model compound to evaluate the applicability of OPLC coupled with different radioactivity detection methods in metabolism research, such as DAR, RD and the phosphorimaging technique (PIT). GTN and its metabolites have been separated and detected in rat plasma using the radioactivity detections previously mentioned. It should be noted that after on-line detection the adsorbent layer can be open and the components remaining there can be measured 'in-situ' by off-line detections (DAR and PIT) [85] .
Direct and indirect hyphenations of OPLC with other techniques:
Indirect hyphenation of fully off-line OPLC separation with FAB-MS has been used for structure elucidation of deramciclane metabolites, where the sample components separated have been transferred from the layer separately to MS [82] . An OPLC-GC-MS system, as an indirect hyphenation system, has been developed for the investigation of acetylenic thiophene derivatives in extracts of Tagetes patula. The fractions separated by off-line sample application and on-line separation and fraction collection have been injected to GC-MS for analysis [86] .
Indirect connection of OPLC and MALDI-MS has been carried out in the case of on-line eluted components of red wine extract, where fully on-line step-wise gradient FEW-OPLC separation and peak collection has been accomplished. Resveratrols (cis and trans) have been identified in two fractions by MALDI-MS [87] .
Similar to HPLC-MS, OPLC and MS can directly be connected on-line where the components eluted from the OPLC system are directed to MS. This hyphenated system has been used for separation and electrospray mass spectrometric detection (ESI-MS) of glycolipids [88] . Fully on-line FEW-OPLC has been hyphenated with ESI-MS for the separation of xanthine compounds (caffeine, theobromine and theophylline) using the experimental OPLC 100 separation unit [89] .
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Biological detection by direct bioautography and interactions in BioArena:
It is known that the adsorbent bed used in columns is not suitable for biological detection because the living cells (for example, bacteria) do not grow there, and so their detection is not possible. This fact increases the importance of planar layer liquid chromatographic techniques. The potential importance of OPLC versions in the near future will depend on biological detection, which will be a crucial and indispensable methodological solution for isolation and identification of new antibiotics, antineoplastics, biopesticides and others [91, 92] , as well as for studying and understanding fundamental biochemical reactions and mechanisms [93] . Development of special and efficient separation and detection systems is, therefore, needed.
Direct bioautography, which combines application of planar layer liquid chromatographic separation and postchromatographic bioassay, can be regarded as the most efficacious assay for detection of antibiotic-like compounds [94] . Although, direct bioautography is a leading technique in bioautography, nowadays it is not enough.
The first further development of direct bioautography is the BioArena system, which can be used to exploit the potential of direct bioautography [95, 96] . BioArena integrates the advantages of layer liquid chromatography (ideally, variants of linear OPLC [2, 5] ) with basic direct bioautography [97] and visual and spectroscopic evaluation of spots before and after inoculation. This integration exploits the possibilities of interactions of cells (for example, bacteria) with small and large co-factor molecules in the adsorbent layer after layer chromatographic separation. The application of such small and large co-factor molecules to the culture medium may be unlimited and they are available for the cells of the indicator organism in the culture medium on the adsorbent layer [98, 99] . Figure 8 shows the separation and biological detection of the main components of Thymus vulgaris L. essential oil by (I) TLC and (II) OPLC [100] . It can be seen that the resolution between the thymol and carvacrol peaks was approximately 1.3. Using TLC with the same stationary and mobile phases, the separation of these two compounds was not appropriate (resolution 0.75), as was confirmed by densitometric evaluation. It has to be noted that the elimination of formaldehyde (HCHO) from the chromatographic spots by either L-arginine [100] or GSH reduced the activity of thymol and carvacrol against the bacteria, whereas increasing the HCHO level increased considerably their activity, similar to earlier results [6] . These results -on the basis of the general occurrence of the HCHO cycle [101] -suggest that HCHO and its reaction products (for example, O 3 ) may be involved in the antibacterial activity of thymol and carvacrol as well [6] . The main up-to-date theoretical and practical biological and biochemical results obtained by use of the BioArena system are very attractive [6] . However, its use is still at an early stage.
PREPARATIVE APPLICATIONS
Two main preparative isolation processes can be distinguished in OPLC. In the fully off-line mode, after the separation, isolation can be carried out by steps such as drying, band scraping from the adsorbent layer, elution, and crystallization. These steps are similar to those of conventional preparative TLC. Another solution covers the on-line separation and fraction collection with or without on-line detection, where the sample can be applied to the adsorbent layer in either off-line or on-line modes. This solution is more effective for isolation because timeconsuming scraping and elution can be eliminated.
Fully off-line OPLC separation has been applied for the phorbol diester constituents of croton oil and the off-line isolation has been followed by identification by chemical 728 Natural Product Communications Vol. 6 (5) 2011
Mincsovics & Tyihák ionization mass spectrometry [102] . On-line OPLC elution with off-line sample application has been accomplished for the isolation of hemp constituents. The cannabinoid acid fractions were analyzed by different spectroscopic methods without further purification [17] . Preparative on-line OPLC isolation of phenolic dialdehydes from reaction mixtures has been performed and the unknown materials have been identified by UV, IR and 1 H NMR spectrometry [103] .
The process of on-line OPLC has been used for the isolation of biologically active compounds from Rhamnus frangula, Heracleum sphondylium and Gentiana purpurea using 2 mm thick layers with 50-500 mg loading [19] . Alkaloids and glycosides were isolated from different plants (Simaba multiflora, Crossopteryx febrifuga, Steblus asper) by means of fully on-line OPLC [104] .
The effectiveness of the 'long-distance' OPLC has been demonstrated by fully on-line separation of a raw extract from roots of Pseucedanum palustre [14] . On-line OPLC-RD has been combined with HPLC-RD for isolation of urinary metabolites of a 14 C-labelled drug candidate. The isolated fractions of peaks of normal phase OPLC-RD (1 st dimension) have further been purified by reversed-phase HPLC (2 nd dimension) [105] .
The loading of OPLC isolation can be modeled by fully off-line OPLC separation using different sample volumes of an extract and 10 mm band sizes. The selected optimum loading capacity can be converted to the analytical as well as preparative adsorbent layer for isolation. This process has been applied for the isolation of ascorbigen from cabbage extract [8] and also for the isolation of xanthines from tea leaf extract [11] .
'In situ' sample cleanup can be performed on the chromatoplate in OPLC using off-line sample application and on-line partial elution of impurities from the outletside of the system as a first step. The second step of isolation is the elution-detection-fraction collection in the normal direction. Pure trigonelline has been isolated from Leuzea extract [8] .
A fully on-line FEW-OPLC system with one-channel configuration has been used for the isolation of components of Matricaria chamomilla L. oil using an analytical silica gel layer and a 22.5 mg loading [22] . This system was also used for the activity-guided isolation of red wine compounds [87] .
CONCLUSIONS
On the basis of the up-to-date results with the original technique, including the automatic OPLC instrument, there is a further methodological and development potential for off-line and on-line OPLC.
The off-line operation is suitable for the application of different detection reagents recognized as an objective advantage of off-line OPLC in comparison with other liquid chromatographic techniques. There is, of course, also the possibility of consecutive post-chromatographic detection. It is especially interesting and important that separated substances can also be detected in off-line OPLC by means of biological detection techniques (for example, direct bioautography for antibiotic-like compounds). However, it is not suitable for studying and understanding all the fundamental biochemical reactions involved in the basic processes of the biological world. Model experiments were necessary with complex separation and detection systems. At the microassay level, the BioArena system is such a solution exploiting the unique potentialities of the planar layer adsorbent bed. BioArena exploits the possibility of interaction of cells (for example, microbial cells) with the substances and with endogenous and exogenous small and large co-factor molecules in the adsorbent layer after linear off-line OPLC separation. The advantages of off-line operating mode in OPLC enable the efficient parallel separation of different groups of substances from the same sample using different detection techniques. The attractive parallel and serial coupling of multilayer separations can also be achieved in the automated OPLC instrument.
Miniaturization of sophisticated OPLC instrumentation may be a potential direction of development (enabling, for example, analysis in the field or at home).
The on-line operating mode in OPLC is better than the offline operation for preparative applications because timeconsuming scraping and extraction can be eliminated. Online OPLC as a planar layer version of HPLC is suitable for direct coupling to other chromatographic, electrophoretic, and/or spectroscopic techniques (for example, OPLC-DAD, OPLC-radioactivity detector, OPLC-MS, OPLC-HPLC). The merits of combining detection modes will be exploited by the development of sophisticated instruments in both modular and integrated systems; moreover, there is a possibility for development of multi-layer, multi-detection, multi-dimensional and multi-channel systems.
